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Se~c~ton 1

PURPOSE

S Photovoltaic cornersion of solar energy for auxiliary power in space

vehicles is, at present, the most practical source of auxiliary power

of this type and is, essentially, the only proven method. Cvrrent

space programs rely almost exclusively on photovoltaic conversion by

silicon solar cells for all but the shortest of space flights.

Similarly, silicon cells can also be employed for the conversion of.

solar energy to electrical energy in earth-bound applications.

In general, our purpose is to improve the design of silicon cell

power systems by improving the dependability and performance and by

reducing the cost. The following three factors contribute to the

efficiency of conversion of solar radiant energy to electrical energy

by silicon solar cells:

l1 the performance characteristics of the silicon solar cell,

2. the radiation incident on the solar cell, and

3. the heat transfer environment of the siiicon solar cell.

The photovoltaic cell performance "characteristics" refer to curves

showing electrical power , current, and voltage out-pat data as

functions of:

1. the total intensity of the incident radiation,

2. the spectral distribution of the incident radiation, and

3. the cell temperature.

The incident radiation can be described in terms of the total intenhity,

the spectral distribution, and the angle of incidence upon the photo-

voltaic cell assembly. The heat transfer environment of the photovoltaic

cell is important since there is considerable reduction of solar cell

conversion efficiency with increasing cell temperature.

1-i
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This particalar program is concerned with the use of concentrated and

filtered solar radiation on silicon photovoltaic cells in solar power

systems. The application of concentrating mirrors can, under certain

conditions, contribute significantly to the reduction of weight and

cost for photovoltaic solar energy conversion systems. Since the major

ji• problem encountered with the application of concentrating mirrors in

photovoltaic conversion devices is that of temperature control, optical

coatings ce.i be of great importance in a unified design of a concentrating

photovoltaic conversion system. It is anticipated that the filtering

produced by such coatings will afford important increases of power out-

put per cell by rejecting radiations which mostly heat the cells and by

accepting only the radiations which most advantageously yield power out-

put. Thus, the investigation and development of spectrally selective

multilayer interference filters to provide optimum-reflection bandwidth

coatings for concentrator surfaces is of primary importance.

Optimum coatings for concentrator systems will, to a large extent,

depend upon the system configuration and the properties of cells.

Therefore, in addition to the development of coatings for concentrators,

this effort will include cell and system studies directed towards the

integration of the coatings into actual concentrating systems, including

investigations of thermal and insolation effects on silicon cell

conversion efficiency and consideration of design parameters for an

optimum concentrating photovoltaic solar energy conversion system.

In order to arrive at the optimum spectral characteristics for coatings

to be used for solar concentrating systems, it is necessary to accurately

determine thermal and current degradation of solar cells. Recent data

indicates that the latest cells may be improved in these respects as

compared to early cells and moreover that at high insolation the thermal

effects may be different from those at lower levels of illumination.

1-2
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The results of these investigations will be used to dctermine the optimum

temperatures and concentration ratios for silicon solar cells. The spectral

responses of the latest cells at this elevated temperature will be used to

determune the ideal system spectral characteristics. Experimental mirror

filters approaching these idealized characteristics will then be fabricated

and tests will be made to evaluate the results, within the •in'ts of test

capabilities in the laboratory and on Table Mountain.

As previously stated, application of concentrators to photovoitaic solar

energy conversion systems can, when properly designed, result in savirns

in two important system parameters, cost and weight. Since the efficiency

of presently available photovoltaic energy-converting devices is decreasedr! by highly concentrated insolance,* a reduction in the suotended area of

the system will not be simultaneously achieved. However, further develop-

ment effecting changes in the efficlency characteristics of such devices

may permit the achievement of subtended-area reduction in the future.

The power output from a solar auxiliary power system is determined by the

overall converter efficiency and the intercepted radiative flux. For the

same insolance (near Earth), the area of the concentrator photo-oltaic

system will be greater than for the conventional arrangement, both because

of collection and reflection losses in the concentrating optics and the

greater thermal and series resistance degradation in the conversion devices.

A reduction in cost can, however, be realized if an essential decrease in

the number of solar cells applied can be achieved, so that the savings in

solar cell costs will outweigh a potential additional cost of the

reflecting surfaces. A reduction in the weight of this system may also be

ob tamned, since the reflecting surfaces can be of lightweight, materials

and design. This advantage is particularly important for systems

A. Herchakowski and E. Kittl, "Design Considerations for a Photovzltaic
onversion System Using Concentration" (Proc. 15th Ann. Power Sourcer'

Ccnf., May 9-11, 1961), pp 120-124.
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operatirn in strong radiation fields, where heavy quartz or glass

[ must be used for shielding. On the other hand, a concentrator system

requires orientation, although such orientation need not be close

because of the relatively low concentration ratios. Thus In order to

design the solar cells, filters and concentrators in a photovoltaic

cell solar power system and to evaluate the cost and performance of the

Ssystem, it is necessary to consider the entire power system.

The performance studies of the entire solar power system of the first

six months of the contract work period will lead to the formulation

of specifications for reflecting, or mirror, filters; such filters

H! can be fabricated by depositing spectrally selective optical coatings

on glass substrates. In accordance with the contract statement of

I work, samples of such filters will be fabricated and evaluated.

fl
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U SECTION 2

[J ABSTIACT

7 c,e use of conzentrated and filtered solar radialtion onr silicon photo-

vo~tsac cells in solar power system& was investigated aw a method of

improvLrng the performance and of reducing the weight and cost of such
I! Syst~emrk'. in. conuiection with this Ftudy, the development of ý,pectrally

selective multilayer interference filters was undeirtaken. Sin~c~e optimum

coating,; for concentrator systems will del-end upon the sys.tem configura-
f.ion a,.d the properties of the sili-con -.olar cell.ý., in o~rder to conduct

S a ý*rformance analysis of a system with ~concentration and filtering,

't• waz firat necessary to study the performance of the entire system

a6 weil as the performance characteristics of solar cells and filters.

Tlr_ i =tigation indicated that the efficiency of Goncec:tr•i ion

;btsanable with a reflection filter depends strongly uporn the spectral

prco•t.•.r; of the filter. On the basis of these studies, elementary

co<-ritions of system design for optimum performance were established.

A}!-ro a basic plan was outlined for fabrication of a prototype solar

system with concentration and filtering.

Following these analyses, filter performance characteristics were

evaluated and specifications were formulated for suitable experimental

mirror filters which might be fabricated to provide the desired

concenr4 ration and filtering. Experimental mirror filters were then

fabricated and data was obtained on the effect of such mirror filters

on solar power system perforsiance.

IT It can be concluded from this investigation that the use of con-

centrawion and filtering can afford valuable improvements in the cost

and weight of solar power systems by increasing the power per cell.

2 1
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SECTION 3

I PJBLICATIONS, REPORTS AND CONFERENCES

I Ihe f .Iiow.ng publications, reports and conferences have resulted

directly from research and development by Spectrolab under Contract

I No.. DA 36-039 SC-87449 during the report period 1 June 1961 through

10 September, 1962. (There were no lectures resulting from this

work. )

Pull-•Acý.ons and Conferences.

A paper 'Thotovoitaic System Using Concentrators" was presented by

SJ.-.�L ienring at the Sixteenth Annual Power Sources Conference at

Athiarnt. ;ry, NoJ. This conference was held 22-24 May 1962 under

the 6p.neoship of the Power Sources Division, U.S. Army Signal Research

an _1 eve-Lpment Laboratory of Fort Monmouth, N.J. The paper will also

appeer in the "Proceedings of the Sixteenth Annual Power Sources

CoJrif'ý.ence'ý scheduled for publication in October, 1962.

Monthly Letter of Progress reports for the report period have been

submitted as follows:

Reports No. I - 7 for June, 1961 through December 1961, respectively;

SI Reports Nc 8 - 15 for January, 1962 through August,1962, respectively.

Also, two send-annual reports were submitted, i.e. Technical Summary

Report No.1, 1 June 1961 through 30 June 1961 and Technical Summary

Report No.2, 1 July 1961 through 31 December 1961.

i3
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3 Section 4

FACTUAL DATA

Task A. Performance Studies of Solar Power System Using Silicon Cells

I Phase 1. An Elementary Study of Solar Cell Performance with

Radiation Concentration and Filtering.

The analysis of this section is based upon cells which are

typical of those in prodUction during 1960. The particular[ cell which is the subject of this study will be designated

"1960 non-gridded red cell". The spectral sensitivity of this

cell is shown in Fig. 1. The celi was covered with a Solakote

"A" filter for the improvement of its emissivity and absorp-

tivity. The spectral emissivity of the "1960 non-gridded red
cell" with Solakote "A" filter is shown in Figure 2. The

performance of the "1960 non-gridded red cell" for conditions

of deep space under air-mass-zero insolation (see Fig.l) was

determined using the following simple approximations of the

radiative heat transfer properties of the cell and panel

surfaces:

Cell surface-area utilization 0.90

Coated-cell emissivity 0.87

Coated-cell solar absorptivity 0.91

Effective emissivity of non-activefront panel surface 0.65

Effective absorptivity of non-

active front panel surface 0.20

Rear panel surface emissivity 0.90
Thermal conductance frou front
panel surface to rear panel surface

[ The relative performance of this cell af a fhnett.o of tpentur.
is shown in Figure 3.

Under the above-described conditions, the eqtlibval

14-1



temperature would be 317"K at unity concentratic:; ratio

for cells having an efficiency of ten percent. Fig. 4

p compares the curve of equilibrium temperature as a

func•ion of Incident Pnrergy for ten-percent efficient

[ bare cells with thý same data for Solakote 'V' coated

cells of ten-percent efficiency Also, using the afore-

mentioned approximations, curves of the equilibrium

temperature, the thermal degradation (i.e., the relative
efficiency) and the relative output of 1960 non-gridded

red cells having Solakote "A" filters were obtained as
functions of the incident energy and are shown in Figure 5.
Th saturation efetof high Irradiation on the p•er-

formance of silicon cells was neglected in computing these

curves The relative output curve indicates that the cell

output rises rather slowly with incident energy and reaches

a Froad peak at approximately 310 zw/cm2 incident energy,

at which pornts the equilibrium temperature of the cell
Sis 387'K. At Incident energies exceeding 310 mw/cm2' the
S~output decreases wlth increasing irradiation.

The performance curves shown in Fig. 6 as functions of

incident energy, but at constant cell temperature, indicate

that output efficiency will be further degraded at high

illumination levels, As will be indicated later, this

is due to cell series-resistanceo

In Fig. 5 it is shown that for an achromatic concentrator,

a maxi.mum output gain of only about 28 percent is

achieved at an energy concentration ratio of 310/140 2.2,
and an area concentration ratio of 2.2/ra, where "r" is

the concentrator reflectance and "s" is the area utiliza-
tion factor. Since the solar cell has varying spectral

sensitivity and'an approximately constant absorptivity

over the spectral range of the incident radiation, an

¶ 1 .addtionml gain can be achieved by concentrating only the

part of the pectran whieh is most active in producing

S.2
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electrical power and by eliminating the regions for which the thermal

degradation predominates.

It is clear from basic considerations that under the conditions

described, the maximum output for such a cell array (using 1960[ non-gridded "red" cells) would result from monochromatic irradiation

at a wavelength of about 820 mý and an intensity of about 310 mw/cm2

(ignoring saturation effects). For truly monochromatic light, this

II would require an infinite concentration ratio. Fortunately,

suitably reducing the concentration ratio does not great affect

the output.

An analysis of cell output as a function of area concentration ratio,
assuming 310 mw/cm2 incident energy on the cell, was made by varying
the bandwidth transmitted to the solar cell. The results of this
analysis presented in Fig. 7 show that by spectral selection and
concentration it is possible, in an ideal sense, to increase the
cell output from 1.28 to 3.04 times that of a coated, oriented,

non-concentrated and, substantially, non-filtering system. Thus,
the relative output is reduced by only 4 percent for a reduction

in concentration ratio from infinity to 10. Therefore, the physical
factors with respect to size, weight, tracking accuracy, and
mechanical and optical design (to provide uniformity) which are
associated with large concentration ratios, and which contribute
to some of the major advantages of photovoltaic solar conversion

as compared to other solar energy power sources, are still valid
for a photovoltaic system with filtering and concentration which is
associated with a low concentration ratio.

There are negligible gains, and in fact, disadvantages for area con-
centration ratios greater than 10. However, the relative output falls

II



off rapidly as the area concentration ratio is reduced below 10.

For an area concentration ratio of 7, the relative output is

down to 2.64, 13 percent below the maximum. The desirable

concentration ratio for a given problem would be the result of a

compromise obtained by evaluating numerous factors, e.g.,

complexity, reliability, orientation requirements. For the

pmrticular cells and heat transfer environment used in the

[ analysis, the optimum concentration ratio will lie between 2.2

and 10. The results of this preliminary and elementary analysis

Sare sumarized in Table 4-1. An important conclusion from these

results is that the maximum silicon solar cell output obtained

with radiation filtering and concentration, in the deep thermal

environment, is about three times the output obtained without

filtering and concentration. This maximum of power output under

these conditions is due to the opposite effects of the increase

of power due to illumination and the degradation of pover by cell

heating. Of course, if by some means this cell heating is limited

as the cell illumination is increased, the maximum silicon solar

cell output is much higher and will .be limited most probably by

cell series-resistance.

It should be emhasized that the foregoing conclusions apply to

the "1960 non-gridded red cell", for which the cell series-

resistance has been neglected. In addition, these conclusions

are based on the heat transfer enviroment of deep space. In

ground applications of solar power systems it is necessary to

also consider radiative heat transfer from the sky and terrain

as well as heat transfer by convection to the atmosphere, in

determining photovoltaec cell temperatures.

H II4 - i4
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Phase 2. Further Studies of Solar Cell Performance with Radiation

Concentration and Filtering.

S(a) System Configuration.

For these studies, the solar power system is a Cassegrainian

configuration of primary and secondary mirrors with an array

of silicon solar cells as shown in Figure 8A. The system

is assumed to be operating in deep space. The performance

[ of this system has been investigated for various silicon

cells and reflection filter designs. (The heat transfer

environment is the same in all cases and sU,-l. thait the cell

temperatures are determined by the data in fagire 9 through

-1 N13).

(b) Solar Cell Array Equilibrium Temperature Analysis.

The following analysis relates steady-state cell temperaturie

to: (a) the incident energy to the cell, (b) the cell

conversion efficiency, and (c) the reflector-array geometry

for a Cassegrainian reflector system.

The following assumptions were made:

(i) All radiant flux incident on the cell is either absorbed

as thermal energy or converted into electrical energy.

(Present day cells have high absorptivity characteristics.

This characteristic is particularly valid for reflector-

filtering concentrator systems since reflection of

* -filtered energy by the cell degrades system overall

efficiency.)

(2) All solar energy reflected by the primary reflector

is uniformly distributed upon the secondary reflector

of the Casserainian systes.

11
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S(3) Yrissivity of non-reflective surface (hac, •iface)

of primary reflector is 0.95, attainable P, h

I coatings.

(4) Emissivity of reflective surfaces is 1.0. (Present

reflective coatings have emissivities of approxi-

mnately 0.95.)

(5) Emissivity of shaded surface of Cassegrainian array

is O.i I., attawnabl3e with coatings.

(6) The surface properties of the directly sun-litjhtca

surface of the Cassegrainian secondary reflector

are:

Oc . 0.09, C 0.90 (coating properties

anticipated in the near fuiture).

(7) Uniform distribution of reflected flux upon the

array. (Departure from this assumption is small

for the D/d values considered.)

1' (8) Absorptivity of the reflective surface of the

secondary reflector is 0.05 for the Cassegrainian

system. (This is presently attainable for selective

wavelengths.)

(9) The paraboloidal reflector rim-focal point angle

(illulstrated below) is 500.

[1 FocalRELCM Point

11
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(10) Therml gradients vithn the arm as, vela

vithin the primary and secondary reflectors vere

neglected. (These gadients axe miniml due to

veight and therml distortion considerations.)

(U1) Planetaw. effects such as albedo and surface

*I radiation were neglected.

I The followifg nomenclature va used to define the heat

transfer euvivanirnt of the cwsesm4maia solar pover

system:

Apjr Projected area

fA Surface area

S Surf•ae solar absorptivity

S Solar flux

d Array and secondary refleator d1oter

D PriaLmy reflector diameter

Fo hisivity factor

P A Oonfighration facto
SStofan-Bolt zmanamoaut

T !suwerature (OK)

Be Flx Incident to ceall
p Fereen Sell onmrss" of IMmet Se•ae

ift o lectrical wW

Subscripts:

pl Refleftive surface of primary eflector

pe lon-refleative surfae of pr•Imz reflector

GI. Surface of secondary reflector
s2 Other reflector sutra (roetive to .1)

61. Photovolfet eell a&W of amw

62 M o .w o v W 4~e % l

.4
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(C) An"IU1s:

Prmr relco (p)

0 5eoondary reflector (a)

Jj(_. A rmy (a,)

OA FLUX O011-OU IATION rdPLO 8Y8TEM

A beat balance for a Caaegeranlan flux concentration

I i•reflector agimte can be expreeaedD In terms of flux

Incident to the cell, by the folloving three equwa.otus

!,p

O•.4 ,"- ,-' -,. F,,

!]r

-~A V ir
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The resulting cell temperatures (to the fourth power)

are shown as Figures 9 to 13 for various concen-

zration ratios, CR , as functions of flux incident to cell

I and percent cell conversion of incident energy. he

results in these figures are based on complete abaorp-

tivity of flux incident to the cells. Thus, for systems
incorporating flux filtering by the cell, or for ysytems

incorporating low-absorptivity cells, the results will

have to be modified.

(d) Performance Analyses.

The power output of a solar cell may be increased by

increasing the intensity of the light impinging on it

with a solar concentrating-mirror system. However,

as previously demonstrated, a point is reached at which

an increase in light intensity produces more thermal

degradation of the cell than increase in power output.

Figure 14 contains a curve of a typical temperature

characteristic of an experiental gridded "red" silicon

solar cell. A similar curve for a "blue" cell is

shown in Figure 15. Also, the response of the cell

varies with wavelength and does not best match the solar

spectrum in space. If spectrally selective filters

• are used on the surface of the mirror, the wavelengths of

the solar spectrum that contribute more to the heating

of the cells than to the power output may not be reflected

by the mirror but may instead be transmitted by it., ad

thus be removed from the wrking beam finally reaching

the solar cells .... With this control over the spectrum

OaM temperature of the cells, we may choose our opersting

II
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[ conditions to maximize the power output for each

physical concentration ratio, that is, CR = -!.

In the study of this design and performance problem the

[ following cases are considered:

(1) Experimental 1960 gridded "red" cell with its

maximum power-temperature characteristic used

with ideal concentrator filters.

(2) Heliotek gridded "blue" cell with the "red" cell

maximum power-temperature characteristic used

with ideal concentrator filters.

H (3) Experimental gridded "red" cell with its maximur.,

power-temperature characteristic used with
*

realizable concentrator filters.

(4) Heliotek gridded "blue" cell with the "red" cell

maximum power-temperature characteristic used with
*

realizable concentrator filters.

(5) Heliotek gridded "blue" cell with its maximum

power-temperature characteristic used with ideal

filters.

(6) Heliotek gridded "blue" cell with its maximum

I power-temperature characteristic used with

realizable *filters.

The assumptions of the performance analyses are:

(1) The ideal filters used have 100-percent reflectivity

i l in the band-pass region and zero-percent reflectivity

in the band-stop region.

"* "Realizable" is used in the sense that, given sufficient
time and effort, it should be possible according to previous
experiene to produce such a filter, although such filters
are not within the present production capability.
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(2) The spectral reflection and transmission charc-

teristics of the realizable*concentrator filters

are shown in Figures 16, 17 and, 18.

if F (3) The response of the solar cell to each wavelength

of solar energy is degraded by temperature in thefsame ratio so that the shape of the response curve
remains constant and only its amplitude changes.

11 .(1) The power output of the cell at constant tempera-
ture is a linear function of illumination. "(For
relatively low concentrations, this statement is

true.)

(5) The load impedance matches that of the array for
&zy operatixg condition.

NomenclAture with respect to the spectral characteristics
of the solar radiation, relative cell response, and
concentration filter reflectance:

Percent conversion of energy incident on the

solar cell to electrical power.

The number by which the average.response

between %A and i B i ultiplied to give the o•
JWO'P response between narrower band-pass

region chosen between limits at an eaqual height

H on the .curve,

-AA ,

"*9ee footnote on Pape 1410.

Fl t14-11 /r• ..
... ,f .;,
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I
I
I The relative response of the solar cell to a wavelength

of light, X.

8 The intensity of the solar energy at a wavelength, •.

x Wavelength.

% hA, e The lower and upper cut-off wavelengths of the solar cell,

respectively.

XII, The lower and upper cut-off wavelengths of the filter,

respectively.

H 'T Coefficient of t4emS tov degadation of the solar cell.

The following caululations have been performed for two types

I of silicon solar cealls: one, called the "experimintal 'red'

cell", baa a spectral response curve which peaks at 0.82

micron; the other, commonly called the "Reliotek 'bluee cell",

has a spectral response curve which peaks at 0.85 micron.

(ka of both aw* wesented in Fig•res 23 and 214. Zn aditian,

Figures 23 and 24 imalude, for the red and blue cells,

respectivel4, the cmallative solar emma and pomr outpuit as

a frLation of the total between XA and %B. The data for "5" is

just the Johnson Curve, the air-mass-zero solar spectrum in

space near the earth, where the total flux is 140 W/W 2 . Of

this, the red cell, having cut-off movelengths of 0.405 aiean

and 1.165 microns, responds to 95.8 w/eam2, ile the blUe "eu,

having cut-off wavelengths of 0.36 micron W 1.20 microm

respands to 103.5 a/2

-.11
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Subject to the previously stated assumptions, a necessary condition

for filter optimization is that the "cut-on" and cut-off wavelengths

fall at equal values of the relative cell response curve. This "RX"

F1 deciCnatcs the bandwidth used by specifying the region located

between equal response heights on the response curve of the[ cell. The fraction of the solar energy and cell power output

occurring in the region found by choosing filter band-pass

lir.its at equal height on the response curve of the cell, is

rhown in Figures 21 and 22 for red and blue cells, 'respectively.

In addition, (0m - 1) is also plotted, where Pm is the multiplier

of the average absolute efficiency, at the reference temperature,
between )A and %B, necessary to obtain the averege efficiency

within the ?,, limits, as defined in the nomenclature. The power

output of the array for+ varying concentration ratios and ideal

filter band-pass widths is shown in Figures 19, 20a and 20b for

the red and the blue cells, respectively.

For both the red and the blue cells, it was assumed in the

calculations that the average absolute value of the response

between XA and X at 3030K is 13.3 percent. This assumes an

absolute peak response of the red cell at 25 percent and of the
blue cell at only 21.4 percent. The following analysis and

specific example will indicate how the curves in Figures 19, 20a

and 20b were. constructed.

(c) Optimization Procedure 'for 'Ideal Filters.

The first step in the optinzation procedure is to deter-

mine the method for selecting the bandwidth and the center-

line of the filter pasaband. A preliminary check shows

that even for the relatively low concentration ratio of PouT,

I 13
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H
it is not desirable to use the total broad-band enera

Iif since narrowing the band-pass limit. a sawll amount,
in an arbitrary manner, ha the effect of wrea*ing the

Ijpouer output.

ro Since all of the broad-bad energ will not be used, the
portion that Is used should be chosen in a manner such that
with any given amount of solar enera Input, the average
efficiency of converting solar energy to electrical enmra
vill be the highest. This Is done by choo•ing the filter

H band-pass limits at equal heights on the response curve

of the cell. This choice has a twofold eftfet on is.-
. creasing the power output for any energ input. First,

with the highest conversion efficiency at a constant

teoperature, the output is highest. Second, with more
of the input energy being converted to electrical

enerag, there is less that Is being oonverted only
into heating, and therefore less therma degradation,

Now, It re•ins to use the curves herein presented to

find the actual operating point of the aell 2tis is
done In the ftbloving exmple for the expwlmatal "red"

Cell:I (1)W(choose a concentration ratio and 1 IL, val. in
this case, select . M andA , 5.0.

(2) The broad-band energy vhici, without filtering,
Wuld be concentrated an the solaor-e array isa

(i 0

.14
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Hence, we see that our estimate of A was too high, so we

make a new lover estimate:

A- =l2.6; T" - i.69 x 108;. T -360.6;

A - 19.•42 (0.653) - 12.65 percent.

The two A's now agree as closely as can be expected with

the graphical accuracies involved. The power output is

II then:

P o..1265 (2o4.5) 24.8 . 2.

This procedure is repeated for a number of N ve4ues for each

concentration ratio until the curves in Figures 19, 20a and

20b are generated. We see that for each concentration ratio, the
power output peaks at higher R values for higher concentration

ratios. Obviously, neglecting size and weight considerations,

the greatest power output will be for 1 .100, CR -

(f) Results of Performance Analyses.

Vsing the methods and the. thermal environment data

previously discussed, the performance of three "ideal"

and three "realizablet"filters for use with the "red" and

"blue" silicon cells was estimated. Curves for realizable
filters are shown in Figures 16, 17 and 18, in the "dotted-

[ line" curves. The "solid-line" curves are convenient

approximations used in the computation. The

I1 realizable filter characteristics were determined for,

4se with a "red" cell with peak spectral response
- ------ m ------------------------------------------ ---------

'See footnote.. Pap 4-10.
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at wavelength X = 0.82 micron. These filters will require from

nine to sixteen or more layers. As the bandwidth narrows, the

number of layers required increases. Each ideal filter has the

[isame cut-off wavelength as the corresponding realizable filter and

also has zero transmittance in the passband and perfect trans-

mittance outside the passband, as previously defined. For both
the red and blue cells, the solar insolation was assumed to be

140 mw/cm2 and the broad-band efficiency (between "A and 'B) of
both cells was assumed to be 13.3 percent at 303e K. This gives

the red cell a peak efficiency of 25 percent, and the blue cell a

peak of 21.4 percent. Thus, it is seen imnediately that for equal

broad-band efficiencies, and at high concentration ratio, CR, the

red cell performs better than the blue. However, for equal peak

efficiencies, the opposite is true.

IiThe computations and results for the ideal filters are shown in

Table 4 - IV. From Figures 23 and 24, the N values correspon-

ding to the filter cutoffs were found and tabulated. In those

few cases where the "left" and "right" values of 1 differ by a

small amount, the average is given. The concentration ratios

may be checked against Figures 19 and 20 by noting which curves

peak at the specified values of RK. Finally, the output power

was read from the peak values of these curves, and tabulated in

K Table 4- IV.

Table 4 - V shows computations made for the performance of the

realizable filters.

4 -17
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II' It in especially important to note here that the
"experimental silicon gridded 'red' cell" (with temperature

coefficient of 0.0060/6C) and the "Heliotek silicon gridded

'blue' cell" are actual existing cell types. The

hypothetical silicon gridded blue cell, on the other hand,

is a purely hypothetiddl cell with the same characteristics

as the existing Heliotek "blue" cell, except for the

temperature power coefficient which is the saw as that for

the "red" cell. This hypothetical cell is included in order

to demonstrate the critical importance of the temperature-

power coefficient. For comparison with the results in

Table 4-II, the cell power outputs at a concentration ratio

of one and with no filters, except as used on the cell in

all cases, are as shown in Table 4-III.

For the higher concentration ratios the cell power outputs

are much greater with the ideal filters than with the

realizable filters; however, for the lowest concentration

ratios the power outputs per cell are only slightly higher

for the ideal filter. The reduction of power output with

the realizable filters is due almost entirely to the excessive

heating effect of the radiation transmitted to the solar

cells by the realizable filters outside their pasebands. This

JI effect is relatively less at the lowest concentration ratio

since in this case the heat transmitted to the cell outside

the passband is smal in comparison to that transmitted in

the wide psesband. With the ideal filter the maximum power

output per cell occurs at the highest concentration ratio;

however, with the realizable filters the maxinm power output

per cell occurs at an optinmu concentrationratio between 9 and

4. The curve* on Figure 25 are presented for better understanding of

4 -18



on Figure 25 differ. For these corresponding cases,

the power output of the "red" cells exceeds the power

output for the "blue" cells only as the area under the

solar spectral response curves within the filter passband

in Figure 25 for the "red" exceeds that for the "blue"

cell. The increase of power of the blue cell with its

j proper temperature-power coefficient, 0.0041/@C, is due

to both its lower temperature-power coefficient and to

the filters which are optimum for the "blue" cells.

(g) A Summary Statement of the Elementary Design Conditions

for Optimum Performance of a Silicon-Cell Solar Power

System Using Radiation Filt•:ing and Concentration.

The elementary design conditions for optimum performance

of a silicon-cell solar power system which employs both

filtering, and concentration have been previously dis-

cussed and analyzed in this report.

Consider first the case where the greatest maximum power

per cell is sought. For ideal filters, the filter pass-

bandwidth should be small and at the wavelength 'of cell

maximu- spectral response and with the small bandwidth,

the illumination concentration ratio should be so high
that the combined conditions of illumination intensity and
cell temperature yield the maximum power output. For

realizable filters, the illumination concentration ratio
will be in the range 6 to 12)depending on the filter

performanceý and the corresponding filter passband limits

will intersect the solar-cell relative response curve at
equal values on the high and low wavelength sides of the

curve. As the filter performance improves, the .11umIntion
concentration ratio will become higher and the filter pass-
bendwvdth will be narrower for the greatest uxium pomer

4-20.
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performance. For the case of the maximum power per unit

T area of system solar beam aperture, the radiation con-

centration ratio is only slightly greater than unity, even

with ideal filters. With realizable filters, the greatest

power per unit solar beam aperture occurs at radiation

concentration ratio of unity and a concentrator filter

yields little, if any, advantage. Thus, it is not to

be expected that radiation concentration and filtering

will yield more power per unit area of solar beam.

(h) Major Conclusions of the System Performance Analyses.

For silicon cell solar power systems operating in deep

space heat transfer environment:

(l) The greatest possible power output per cell with

radiation concentration and filtering is three to

four times as great as the power output without

concentration and filtering, depending on the cell

performance characteristics.

(2) The feasible power output per cell,with presently

available silicon cells and presently feasible

filters, is three times greater with 'radiation

concentration and filtering than without concentra-

tion and filtering. This power output per cell will

occur at a concentration ratio in the range 6 to 12.

(3) The maxim=m power output per cell is critically

dependent on the silicon cell and filter performance

characteristics.

4--21
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TABLE 4-I

Elementary Study of Solar-Cell Output with Radiation Filtering

*1and Concentration

Concentratior Temperature Filters Power Output
Ratio, cR O( (percent)

1 317f None 100

2.2 - Solakote "A" 128

10 - Perfect 282
narrow
b•and

0o 387" Perfect 304
narrowband

4-22



I
I TABLE 4- 0T

SM OF OF RTW S FOR SOLA CELL OUTM I TH

RADIATION F3IMUM O AND CONCMVRA2ION

I Solar Cell Experiental Heliotek Heliotek
Silicon Silicon Silicon
Gridded "red" Gridded "balu" Gridded "blue"

IF Temperature "red!' ýell "red" coll "blue" cell
Power, .oo6o/* .oo6o/" c .oo41/'c
Coefficient Figure 5-14 Figure 5-14 Figure 5-15

Concentration 16 9 4 16 9 4 16 9 4
ratio, CR

Filters
Cutoff Wave- .77 .72 .625 .77 .72 .625 .695 .630 .500length

(microns) .89 .92 .975 .89 -. .975 .925 .950 1.020

Ideal Filter;

Power Output
(mwlcu2) 35.25 32.25 26.90 29.60 28.50. 25.3o 41.40 38.40 30.7(

Realizable Si~12/83 51320/83 =L30/81
Filters: 1o2o/82 M o200/82 8L320179

.L350/80 .L350/80 SL520/76

Power Output
(mw/=/2 ) 15.10 2•o .8o 24.8o 14.o 22.6 23.7 3i1.2 35.3 29.5

2
I

I- 23
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TABLE 4-111

CELL POWER OUTPUTS WITHOUT CONCENTRATION OR FILTERS

CELL EXPERIMENTAL HELIOTEK I LIOTEK
SILICON SILICON SILICON

SGRIDDED "RED" GRIDDED "BLUE" GRIDDED "BLUE"

Temperature- "Red" cell "Red" cell "Blue" cell

Power o.0060/°C .0060/1C .0041/oC

Characteristic Figure 5-14 Figure 5-14 Figure 5-15

Output

Power 10.5 11.4 12.2

(mw/cm-

4 24
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I OCPUATIO0N OF SOLAR C'VL OU'TPrJT WITHf IDEAL FIrua-RS

ON ONE 0ONCLITTOR MIRROR

solar Cell Experimental Hypothetical Heliotek
Silicon Silicon silioon

ridded "red" Gridded '"blin" Oridded "blue"

" Temperature-. "Red" Cell "Red" Cell "Blue" Cell

Power Cwc4.. .0060/" C .006o/c .oo0i/" C
teristic Figur 5-14 FigurO 5-14 Fi16 5-15

I I
Concentra- 16 9 1' 16 9 ,16 1
tor ratio,

j... .......... .. ... . .. ...
Ideal Filterm I
Bandwidth .120 .200 .350 .12D .200 .350 .230 .320 .520
Microns

Cutoff Wave- .77 .72 .625 ".7 .72 .625 .695 .630 .00

length K89  .92.975 .89 .92 M I .( mi ro •) . 9 . e gr• .8 .• .• i• .92 .95D i.oeo
(Microns)

.X91 .82 .60 ;.97 . 7 . 4 .89 .7,9, 51

output 13525 32.55 26. 29.6o 28.o 25.30 3.5o .o 3o.70
Power 2

tQ2

K4 ~25
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TA= 4 -v

COMNPUTATION OF OIAR CEL 0UTPUT WITH RZAI1ZrA, FILTE

ON ONE O03OURATOR MIBBO

e1. sola.r co.n. perimeutal Heliotek Heliotek
silicon Silicon Silicon
Gridded "red" oridded "blue" Gridded "blue"

2. Temperature "red" cell "red" cell "blue" cell
Power Charac- .006o/s .oo6o/eo .00 41/0C
teristic Figure 5.-14 Figure 5-2,4 FIgure 5-15

S3. Concentration 16 9 4 16 9 4 16 9 4
Ratio, CR

Filters:

I4. Bndvldth .120 .900 .350 .12 .200 .350 .230 .320 .520
* ~Micro=.

. 5. Cutoff WaW - .-77 .72 .6251 77 ;72 .625 .695 .630 .500
lengths,
Micron@ .89 .92 .975 .89 .9 M .975 925 .950 1.020

6. Filter j, 312/83. ' awA/Po 9

iL35080 dt"/8DL52o/76

7- 0.91so .82 .61 -9 .92 . 75 .89 .79 5.1

Fration of Sla2r W
iEwr.' between

8. .19 .13 .44 .17 .on .4O .25 .37 .65

I4. 26



v d

0. Reflectance . )8 .08 .06 .08 .08 .0t * .06 .03
fraction of solar
energy in two
bands:X toX1
and X2 to

.0. Reflectance x .02 .02 .02 .02 .02 .02 .02 .02 .02

fraction of
solar energy
outside range
of %A to XB

11. Sum: *
(8) + (9) + (10 .2) .33 .52 .27 .31 .48 ,34 .45 .70

12. Incident flux, 291 198 169 291 198 169 424 344 69
i[deal filter,

A 2
(mw/Cm)

3 3. Flux incident to 445 234 199 445 284 199 564 420 290
cells with realiza-
ble filters

kA 2
(mw/Cu)

14. Cell temperature, 390 355 342 391 356 343 424 406 386
ideal filter0 K

15. Cell temperature 443 3,'4- 358 444 396 359 472 430 395
realizable
filter

T:umbers in parentheses refer to correspcn ing item numbers on this pa,.
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V .AN 4 - V (Cont'd)

S 16. Temerature ,.7 ,68 ,76 .46 .67 .74 .51 .58 .66
degradation
factor, ideal
filter

17. Temperature .16 .45 .67 .15 .4. .66 .31 .48 .62
degradation
factor, re-

SUlizable filter

18. Fraction of cell .26 .40 .68 .20 .35 .62 .29 .45 .77
response between
XI and X2

19. Reflectance x .07 .06 .03 .08 .06 .04 .OT .05 .02
fraction of -
solar radiation
outside ranpe
XI to X2

20. Sum:
(18)+ (1.9)f .33 .46 .71 .28 "1 .66 .36 .50 .79

Output of cells 35.25 32.55 06.90 29.60 28.50 25.30i , 41.4.o 38.50 30,70
with ideal filters

21. Ratio:
(1).(0 43 071 092 .1.6 .79 .95 .75 .92 .')ý6

Output of cel"a 5
with realiss- 1.1 24.8 24.81 14x t.6 23.7 31.2 35.3 29.5
ble filters
ev/cn e

Sete footnote on precedlagpep
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flTPASK S. Silicon Soaar Cell Performance Cearact-rv ir-I:.

Ihl dey-]; :, Iof ,, of' f' t.,-rk, a d c , 'eertI at.•rr-- t.o b- uE• d inv11 ",y•ftn fo° r , " o°"cý "*i,'! ' it o ir YRd iqt.iC), t°o eectrLcaL

power by mrnans of el1icon p1'otovoltaic cells requires wide

and accurate knowledge of the stiicon cell performerc& chbsrac-

feristics,

1Phase 1. The prlncijýal uharacteristic curves for silicon

solar cells are-

[1 (1) Curvee. of cell current vs. cell voltage for various

illumination intensities and temperatures.

S[1This data is for a constant, usually a standard,

temperature and for the same spectral distribution

of energy in the incident radiation. A typical

silicon cell. I-V curve is shown in Figure 26.

(2) Cell maximum-power output.

At a particular point of each I-V curve the cell

output power determined by the product, P . VW, is

a maximum. The maximum power points are located in

Figure 26. The maximum power outputs for a cell are

to be identified with the same conditions as the

I-V curves from which they were determined, i.e.,

the angle of incidence, the temperataure, and the

ff intensity and spectral energy distribution of

radiation. At maximum power,

(3) Temperature effects on Pix V and Iax

Figure 26 shows a typical set of I-V curves for

various temperatures. In Figures 27 aid 28 maximum

Spower, P voltage at maximum power, V and

current at

U4 4-29
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F

I = Iz (all for the I-V curves of Figure 26) are plotted as

functions of temperature. The effect of temperature on cell

maximum power is usually presented as relative efficiency at

maximum power, as, for example, in Figures 14 and 15 which

consist of the curves for an experimental gridded "red" cell
and for a typical Heliotek gridded "blue" cell.

(4) Effect of illumination intensity on cell maxmum pover output,

maximum-power-point voltage, and efficiency.

This data is" plotted in Figure A-4 for experimental cells A-N-12F and A-N-16. The I-V curves for these cells are shown in

Tr Figure A - 2. Also shown in Figure A - 4 is the effect of
increased insolation .for three hypothetical cells of similar
characteristics to the aforementioned experimental cells, except
that the three hypothetical cells have series resistances of
0, 0.5, and 1.0 ohms, respectively.

(5) Relative spectral response.

The relative spectral response curves of an experimental
'gridded "red" cell and of a typical Hellotek gridded "blue"
cell are shown in Figures 23 and 24. The relative spectral

response is denoted by R(X) and is defined as the following

-ratio:

Short circuit current per unit incident ratiation intesity

R = per unit of spectral bandwidth, at the wavelength, X..

Peak value of the short-circuit current per unit incident
radiation intensity per unit of wpeatna bandwidth.

tk30
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It is assumed in the performance analyses in this report that

silicon-cell maximum power response to a broad spectral band of

high intensity radiation is

where pXMM = solar cell maximum power per unit of
spectral bandwidth and per unit of
illumination intensity at X = "max) and

ýmax h at which R(=) 1.

The exact extent to which Equation (1) is valid remains to be

investigated and determined. In support of the supposition

represented by Equation (1), it is well known that the maximum

power output to broad-band illumination is, except for mall

effects due to cell series resistance, proportional to the total

illumination, as indicated in Figure A - 3 (revised). As

indicated in Figure A - 4, the maximum power voitage changes

very littl.e with illumination 'but, as is well known, the cell

short. circuit current, I and the cell maximum power current,

I mp, are both for cells with acceptably small series resistance

proportional to illumination intensity.

"I The effect of cell series resistance on I and Is, as functions

of cell illuminition, is presented in Figure A - 3 (revised).

(The series resistances of Heliotek gridded "blue" cells are in

the rane.c 0.38 to O.J8 ohm.)

1 (6) Silicon cell assembly spectral normul absorpltive characteriatico.

Ihe spectral normal absorptance is the ratio of the energy

J absorbed by the surface to the energy incident upon it

-31
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for normally incident radiation at any particular wavelength.

The spectral absorptance of the cell assembly is important

with respect to: (a) radiations for which the cells yield

* power, (b) radiations which merely heat the cells, and (c)

ultraviolec radiations which may damage the cell cover adhesive.

Since the silicon cells are opaque in the spectral range of

interest, normal absorptance may be determined from measurements

F of reflectance. The absorptance and reflectance, as well as

the relative spectral response, are important for angles of

incidence less than 90ý in some applications. The spectral

absorptance of the solar cells is closely related, physically,

to their spectral emittance.

(7) Silicon-cell assembly hemispherical total emittance.

Hemispherical total emittance'is defined as the ratio of:

(a) the total eneigy radiated at all wavelengths from a surface

to the hemisphere of space surrounding the surface, to (b)

the total energy radiated at all wavelengths by a black body

at the same temyeratu;-e. This emittance is critically importqt

with respect to .the operating temperature of the silicon cells.

For solar cells with spectrally selective absorptance, the

Sspectral emittance is also selective, and thus, the hemispherical

total emittance may. vary, somewhat with temperature. The hemis-

"pherical total emittance of silicon cell assemblies is measured

"by existing techniques. An example of emittance measurements for

rF "a Heliotek gridded silicon cell covered with a Solakote "B"

filter is presented in Figure 29.

In addition to the discussion of the serious effects of cell

series resistance on maximum power output, the report

by M. Wolf and Hans Rauschenbach, "Series



Resistance Effects on Solar Cell Measurements,' also in-

I cludes a careful discussion of the relation of illumination

intensity to the I-V curve and hence to maxiimum power out-J put. This relationship is such that at constant cell tempera-

ture the I-V curves for various intensities of illumination

all fit upon each other (to a good approximation) when

shifted~both (a) vertically, by an increment of current due

to the increment of illumination, and (b) horizontallyby

T a voltage drop due to the increment of current flowing in

the series resistance of the cell. An example of I-V curve

J shifting is shown in Figure .30 ; the I-V curves for the
2solar irradiances 100, 200, and 300 mw/cm , which all fit

the curve for 400 w/cm quite well. This method of I-V

curve shifting can be used to determine the "light current"

and to estimate cell series resistance.

Phase 2. Summary of Silicon Solar Cell Characteristics Relative

to the Performance of Solar Power Systems with Radiation

Filtering and Concentration.

The following characteristics of silicon photovoltaic

cells are critically important to the attainment of high

performance of solar power systems using concentrated.

and filtered radiation on such cells:

(1) Short circuit current spectral response.

(2) Temperature degradation of maximum power and voltage.

(3) Spectral normal, absorptance.

((4) Hemispherical total emittance.

Of course, high uaxizmu spectral response occurring in the
spectral region of high solar irradiance and small tem-

perature degradation of maximu= power will, each contribute

Paper No. CP 61-1006 presented at the American Institute of Electrical Engineers
meeting, 23-25 August, 1961 at Salt lake City Utah. (Included in revised form
a& appendii of Spectrolab Technical Summary Report No. 2, June 1961, this contract..
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to high system performance. Also, it is highly important

that the series resistance of the cells be suitably small

so that at high i1lumination intensities the responseT remains proportional to illumination intensity. As the
power system analyses in this report show, the temperature

degradation effect is a major one, especially at the

high temperatures which occur at high radiation intensities.

The spectral normal absorptance is of importance since it

is desirable that the radiation which is converted to
power be absorbed and the radiation which would merely

heat the cell be reflected. Also, the hemispherical total

emittance of the solar cells should be high in order that

heat may be rejected by the cell at favorably low tempera-

tures.

AA a result of the foregoing solar power system analyses,

more specific criteria have evolved with respect to solar-

V cell performance characteristics.

i3i



3 Task C. Filter Performance Characteristics.

The system performance analyses of this report consider Th-

"idealized" filter as well as filters which are physically

[ attainable. Ideally, the filters should permit all radiation

within a particular spectral band to reach the cell faces aLd

should prevent all radiation outside this passband from

reaching the cells. Under actual physical conditions, Ios

than this ideal will be attained. It should be possible to

produce filters having characteristic curves corresponding

to those in Figures 16, 17 and 18. As indicated in the

performance analysesp the performance of the solar power

system is critically dependent on filter performance.

Elementary considerations indicate that the best system

performance will be attained in systems using both filtering

and concentration by accomplishing a major part of the

1I radiation filtering at the -concentrator surfaces. Additional

improvement can then be attained by means of covers on the

solar cells. These covers should be designed for optimum

performance specifically with respect to:

(1) The protection of the solar cells from damage by

contact with other materials and the atmosphere.

(2) The protection of the solar cells from damage by

electron bombardment in space.

(3) Hemispherical total emittance.

(4) Additional filtering of radiation.

All of the aforementioned must be attained without serious impair-

] ment of the transmission of the radiation effective in yielding

power output.
N 4 - 35
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1 Task D. Experimental Mirror Filters

Phase 1. Fabrication of Experimental Mirror Filters

Sa) Mirror Filter Specifications

SAppendix A of this report consists of specifications

which were formulated, on the basis of the performance

analysis, for three types of mirror filters. Figures -- ,

are idealized filter performance curves
for filter types SL 120/83, SL 200/82, and SL 350/80,respectively. (These curves correspond to the idealized

"step function" type curves which are shown with

SIengineering approximation curves in Figures 16, 17, and 18).

The glass substrate dimensions for the mirror filter are

V shown in Figure IV.

b) Liberty Mirror Filters

The Liberty Mirror Division of Libby-Owens-Ford

fabricated 18 filters, six samples of each filter type,

which were to meet the established specifications.

Spectral transmittance data was obtained on these filters

at Spectrolab using a Cary Model 14 Spectrophotometer.

Table 4-VI comperes the Liberty mirror filter performance

data with the specification requirements. As the filters

did not meet the specifications it was necessary to rejectJ~ them.

3
U
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I TABLE 4-VI

COMPARISON OF LIBERTY .MIRROR FILTER

DATA WITH SPECIFICATION VALUES

I . .. .....__ _ _ _ _ _ _ _ _,__ _ _ _,__ _ , _

Filter Passband Passband Slope
Type Center Width

Tolerance Tolerance Spec.'"_., Actual
, lc. . Actual Srec.1 Actual Short Long Short Long

SL120/83 10 + 80 -1 0 + 240 > -. 0003 <.0003 -. 0006 .04

i SL200/82 - 20 + iO0 20 + 200 > -. 0003 <.0003 -. 0017 .003

SL350/8C t 30 + 8o ± 30 + 150 >-.0003 <.0003 -. 003 .0045

fi

ill
U

4 - 38
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Ic) Spectrolab Mirror Filters

Since the Liberty Mirror filters did not meet the specifications which

[ had been formulated for the three types of reflecting filters (see

Appendix A) they were rejected and Spectrolab undertook the fabrication

1of the required filters. Initially 18 filters were fabricated, con-

H •sisting of six filters of each of the three types, i.e., SL 120/83,

SL 200/82, and SL 350/80. However, since the data obtained on the

l 1 first group of SL 200 type filters did not fully meet expectations,

a second group of this filter type was fabricated.. This second group

was prepared in thinner glass, and later its thickness was built up

with plain glass to facilitate handling in the mirror test apparatus.

The mirror filters fabricated for this program were based on standard

configurations. Once the specifications had been determined the Vacuum

Laboratory undertook a survey of available configurations to determine

which were adaptable to achieving the design goals. Generally speaking,

there is available a file of thin film configurations to provide reflec-

tion bands with various characteristics. These can be modified, within

I Ulimits, to produce certain desirable shifts or changes of the optical

characteristics. Each configuration has been determined theoretically

and the sequence of layers and their optical thicknesses computed on

the basis of the optical properties of the dielectric materials chosen

as the optimum coMatible compounds.

The configurations found most adaptable for approaching the required

s irpecifations were computed for zinc sulphide (ZnB), lead fluoride

4 - 39



A reflect.ion bend centered at a specified wavelength can reaui!w 1ýe

j established by the appropriate choice of materials having indices of

refraction sufficiently disparate to provide constructive reinforce-

ment when the materials are deposited in alternate layers of the

required optical thicknesses. The other optical properties,

Sparticularly transmission and absorption, must be such as to pr-vide

the overall final optical characteristics. The intensity of l he

Sjreflection is determined by the number of alternate layers deposited.

The width of the band is determined by the disparity of the indices

and/or the choice of -- multiples. Thus, in the case of the

SL 350/80 specification, it was desired to fabricate a re±'le(;t,-,i

with a bandpass of 350 m)Acentered at 800 mjA. An indicated

configuration was established as being achievable by depositing

alternate single quarter-wave layers of ZnS and NaAlF 6 . -In the:

case of the SL 200/82 mirror filter spepification, the choice was

a quarter-wave layer of NaAlF6 alternated with three quarter-

wave layers of ZnS; for SL 120/83, the choice was single quarter-

wave layers of FbF2 alternated with single quarter-wave layers of

In order to arrive at the best possible approximation to the desired

specifications, numerous variations of the general theoretical

approach were run. The following is a snnaary of certain typical

variations:

4. '40i i
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I TABLE 4-ii1

Typical Experimental Configurations
Investigated in Filter Fabrication

r Filter Type Experimental Configuration
(Spec. No.) No. of Layers Materials

(alternating)

SL 120/83 9 3/4 X ZnS

3/4t X NaAIFt

11 3/14 X NaA1F 6

3/h , znS

11 /14 ZnS

X/4 Pb F2

SL 200/82* 15 A/4 ZnS

k/ 4 NaAlF6

9 3/4 A Zia

3/4 X NaA1F 6

15 X/4 • F2

_ _N4 NaAlF6

SL 350/80 13 ?-/4 ZnS

11 ?A/4 N.A1F 6

~ i *Typical configurations used in both SL 200/82 1

and SL 200/82 IT.

4I
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It is appaxer' that if materials are deposited to achieve constructive inter-

ference for a specified wavelength, then at points in the spectru corresponding

to other odd multiples of quarter-wavelengths there will occur other reflection

bands. For intermediate points there will occur bands of partial reflection, so

jthat a range curve of the reflection filter will show characteristic dips and

peaks on either side of the desired band. In order to reduce these dips and
in ake the transmission outside the passband reasonably smooth, it is necessary

to adjust the thicknesses of the alternating layers in a systematic way. This

is effectively a method of compensating to adjust the thickness at the points

where the dips occur. There is an obvious limit to the practical use of this

technique. However, it was used in this program to the extent that predictýablt_

i 1 sequences were available. Numerous runs were made using both glass and mylar

as substrates.

From a mechanical viewpoint, mylar was not too successful. It sags and bends

in the tank, and afterward the coating flakes off. In general it is difficult

to work with.

Extensive refinement of present configurations, or possibly the computation of

an entirely new configuration, would be the minimum requirement to establish

a configuration which would achieve the practical optimum. Either choice would

entail extensive use of an automatic computer and fabrication of experimental

filters to check the validity of the computations.

It is felt that the reflection filters prepared and submitted under this program

represent a good approximation to the established design goals within the limits

determined by available configurations. -

I-



6o-ý mn•,tion should be madie of the fact that in addition o the

theoý,'etical liitations set hy .the nature of light itsel]* and the

[ physical properties of the materials chosen, there are also instru-

mental anxd other factors -Which have a direct bearing on the practical

achievement of a desired configuration. Such factors axe the precision

to which the thickness of a dielectric layer can be measured, the

E reliability and reproducibility of the electronic measuring devices,

V aet c.

The reflection filters submitted under this contract are experimental

in nature and fabrication. They were prepared for laboratory and

limited field evaluation. Therefore, certain precautions should be

noted as regards use and handling. The film surfaces should not be

hendled or touched. Removal of dust will be best accomplished by

gentle brushing with a soft camel-hair brush or by means of a soft

paper tissue saturated with xylene drawn gently across the surface.

The use of other chemicals, including water, should be prohibited.

Phase 2. Spectral Treansmittance of Spectrolab Mirror Filters

Spectral transmittance data was obtained on the filters at angles ofI incidence in the range of 0 o to 50 6 using a Cary Model 14 Spectro-

photometerl Figures 31, 32, 33 and 34 are typical spectral trans-

mittance c••ves at 00 incidence for the four sets of filters. Since

the mirror filters are fabricated using 1/4-in. glass substrates, the

resulting displacement of the beam at angles of incidence other than

zero introduced certain errors. These have been corrected by dividing

the transmission curves of the filters by that of clear i/4-in, glass

in the wavelength intervals of interest.

* The spectrophotcmeter transmittance data obtained on the four sets of mirror
filters is included in Appendix B of this report as Figures B-I through B-44.
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I
[ Mtn exainataion of the various transmission curves shows that the ;, far-

reaching effcct on the efficiency of the filters caused by varh,•, t~he

s aigle of incidence is the variation in the cut-off wavelengths, . and 3

The curves of cut-off wavelength as a function of angle of incidence for the

gr'. oups of filters are shown in Figure 35. As indicated in the figure,

the cut-off wavelengths decrease in value as the angle of incidence is

0 0in• oasred from 00 to 50 for all three filter types. The mean transmittance

ol' the filter tyipes and energy fraction reflected is sunmarized in the fol-

!owing table:

TABLE 4-7T1II

Mean Transmittance and Energy Fraction Reflected in Each Spectra] Region
of Spectrolab Mirror Filters

SPEMCTRAL REGION

I ' Energy 1. A '. Energy Energy
Filter Iransmittance Fraction Transmittance Fraction Transmittance Fraction

Type Reflected ._ __. Reflected Reflected

OL-120 75% 35% 5% 30% 65% 35%

ScL-200-I 65% 140% 5% 140% 75% 20%

S,- 20.-ii 80% 20% 5% 45% 55% 35%

SSL-350 75% 20% 2% 50% 55%. 30%

41

fi



T%11e variatiorn of cut-off with angle of" incidence can be minimized. However,

signfictnk improvement can be achieved only through much time rc,•t in

17experimenfatior±. 1T7he optical path difference in interference films varies

as the cosine of the angle the rays make with the normal to the surface of

thVe film. Hence the thickniesses of the film could be graded to take into

F, account the expected angles, or in the case of a curved surface, to take

into accou-nt,, the continuous variation in angles. The easiest way to achieve

!such a gradation is to produce a reflector by mechanically joining segments

E or zones, each of which were coated for a specific average angle. The same

result may be achieved on a one-piece reflector by masking off zones and

coating each one separately. This would be hazardous, however, as one

stands the risk of spoiling a carefully performed, tedious task by a

misapplication near the finish. Even more desirable would be to insert

def'lecting masks in the vacuum :-oosition tank to achieve the desired

result. However, this would be the most difficult method to develop and

would require much time and effort spent in experimentation.

Without such modifications, one could seek a reflector design which would

have only a small variation in angle, as this would minimize the variation

Ii of cut-off wavelengths.

I5
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Phase 3. 1: tL uOf Experimeztal Imi-trnor Filte-rs nm Solar Power -

|i • =r • ma• nce.

Data was obtained or the 24 experimental mirror filters rabricated

Sat Spectrolab to determine the combined effect of the filtering

and radiation concentration on solar cell performance for concen-

tration ratios in the range from one to, six. The filters were

[ tested in four 6 -sample groups, .one group consisted of Type SL 120,

two groups consisted of Type 3L 200 (desigiated as 61 2u1t)-. and

I SL 200-1I), and one gr,7up consisted of Type SL 350.

I a) Experimental 1?6rocedlze.

The .mirror filters were tested in colltnated sunlight at Table

1Mc'unrtair using the apparatus shcwr in Figures 36 through J-.

] flata was -cltainel using a fzr.-ceil module consisting of a

series connection of two pairs of cells, each pair connected

iT. parallel. The cells u.ed were lleliotek gridded blue P/N

villcor. solar cells whose relative spectral response curve is

given in Figure 24. As a control to evaluate the effects of

the mirror filte, two I-V curves were obtained for the solar

cell module for direct s-rlight, i.e ., without the filters.

Data was t•ern obtained nr. current versus voltage, light

intenisity, and cell teip•rature for each filter-type group,

with the suolt cells racing thie filters to receive reflected

light. first, a single tcdriror filter was used; then two,

three, fo.%,a fivel, and the total of six. The data was taken

for three values of i (the angle of incidence) i.e., for

i - 50, 100, and 150. * Te 1.8 data runs described were re-

peated for each filter group, so that I-V curves were obtained

U] using one to six mirror filters for each of the three angles

for each 6-filter group.

II



b) Data Reduction.

A total of 74 I-V curves were run, 18 for each of the four sets of six

rmirrors: SL 350, SL 200-11, SL 200-I, and SL 120; and two with the

panel facing the sun. The data for each set of four runs was reduced

Fto standard conditions of 100 mw/cm2 (intensity of incident sunlight)

and a standard temperature of 280 C for the SL 200-II, SL 200-I, and

SL 120 filters. In the case of the SL 350 filters, a standard temperature

of 450 C was selected in order to avoid the error introduced by making too

great a temperature correction. Figure 40 shows the I-V curve obtained

F using direct sunlight on the bare cells and corrected to 450 for comparison

p! with the curves obtained for the SL 350 filters. Figure 59 shows a similar

curve, corrected to 280 C for comparison with the other three sets of

filters, i.e., the SL 200-!I, SL 200-1, and SL 120 filters.

Figures 41 through 58 are the I-V curves obtained for the SL 350 reflecting

0
filters: Figures 41 through 46 for a 5 angle of incidence and concen-

tration ratios from one to six, respectively; Figures 47 through 52 for

a 100 angle of incidence, and Figures 53 through 58 for a 150 angle of

incidence. The other sets of curves are similarly--grouped and numbered,

as sunmarized in Table 4-IX.

4 4



I
TABL~E 4-IX

Figure Numbering System* for Reflection Filter I-V Curves

Filter ty•e ...... Fi.ure ebers*..

F I 50  i 10° i -15'

SSL 350 41- 46 47 -52 53 - 58

SL 200-II 6o - 65 66 - 71 72 - 77

SL 200-I 78 - 83 84 - 89 90 - 95

SL 120 96- 101 102 - 107 108 - 113

* The six curves of each set were obtained by varying the concen-

tration ratio from one to six, respectively.

c) Discussion of Results.

All of the curves obtained follow the pattern generally expected, with

three exceptions. Figures 65, 82i and 83 are slightly inconsistent

with the general pattern, probably due to misalignment of one mirror

fl which would have the effect of slightly reducing the concentration

ratio. Since sufficient dAta is presented in the remainder of the

curves, reruns of these three sets of data appeared unnecessary.

4 48



A short sunmary of the pertinent data from the curves of a typical set

(SL 350) is as follows:

TAm•, 4-x

Short Circuit Current Data for SL 50 Mirror Filters
(oo mw/=2 450 C

Angle of Incidence Concentration Ratio Short-Circuit

(CR) Current
Isc _ (ma

00 bare cells to sun 107

[ i 50 CR l 68
0

5 2 139

S0 5°3 209

5 4 277

50 5 3 3 4

50 6 393

10° 6 389

150 6 374

It is interesting to note that each SL 350 mirror produces a short-circuit

current of about 65 percent of that produced by direct sunlight on bare

cells. The effect of angle of incidence is noted in the last three items

in the table, where, for CR - 6, the short-circuit current drops slightly.

This is due to two effects. First, the angle of incidence of reflected

light on the cell increases, and cell response is proportional to the

cosine of the angle of incidence for angles up to about 400 and falls

off more rapidly for greater angles. Since the angle of incidence of

reflected light on the cell is double the angle of incidence of sunlight

on the mirrors, the cell angle of incidence varied up to 300 in these

[1~ 1- 491]



tests. The second effect, due to the shift of the passband of the

filters toward the lover wavelengths for greater angles of Incidence,

pushes the reflection band slightly toward the region where the product

curve of relative cell response and spectral solar intensity has a

[ higher value, thus cancelling part of the expected reduction of short-

circuit current due to increased angle of incidence. However, out in

space, after equilibriim temperatures have been established, the lowered

IT efficiency due to increased temperature will have the opposite effect,

and the shift towarC a greater value on the product curve will produce a

lessening of the maximum power.

1] - 50
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Section 5

[ OVERALL CONCLUSIONS

"ch. employment of concentration and filtering of the radiation

rIncident on the photovoltaic cells of solar power systems will

afford valuable improvements in cost and weight of solar power
•yttems. These improvements will result from increased power

per- cell, but not from increased power per unit solar beam area.

The a ailable increase of power per cell will significantly reduce

-ystem cost and weight, however.

The efficiencies of concentration depend strongly on the spectral

prop.ePtie; of the filters. The desired properties are not yet

within the present production capability of the art of filter

fabrication. According to previous experience, it should be

possible, given enough time and effort, to improve the presently

attainable filter- to the extent that their spectral properties
match those herein identified as "realizable".

"5-1
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I fmpi'ove filtrc-r Properties and fahyicate reflectioni filters

on. c~oncct.-tator surfaces.

2. Lt-vclco .uate mtcI,hodn; of' performanie, an-Slyorn

(9.) Usof f*est, iec-ilts to define and determine a valid

relat':ve isPectral- reziponbe of ,(-)ar cells rIncluding

temprat'~rc- efftecte.
(~~,, xciO~ i ods and obtain data for compating cell.

t.~rpeat::~cin solar power !-yoters in deep acin

earth orbit,, and, in particular., on the s-w-face of'

the ewrth.

fc) Epla'bllish complete, detailed matihemat~ical methods

for designing photovoltaic -,olar power -.yatems whichH are optimuim for specified performance, cost, size and

weight.

3,Design and evaluate prototype solar po~wer systems for particular

A applications.
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APPENDIX A

REFLECTION FILTER SPECTFICATIONS

f :L. Performance.

The idealized filter performance curves are shown in Figures i I1 and

11., The tolerances within which the actual filters may perform

relaltive to these idealized curves are:

a) The reflectance passband centers shall be within

S.0A1, + 0.02, + 003 micron of the nominal value for

filter types EL 120/83, SL 200/82, and SL 350/80, respec-

Vtively,

b) The reflectance passband widths shall be within + 0.01,

+ 0.02, + 0.03 micron of the nominal values foxr filters

SL 120/83, SL 2OO/82, and SL 350/80, respectively.

c) The mean slope, defined as microns per unit of percent

transmittance, of the reflectance passband limit on the

short wavelength side shall be greater than -0.0003 and on

the long wavelength side, less than 0.0003 in the range of

transmittance 10% to 80% for all the filter types.

d) The transmittance in the reflectance passband, in a

range 0.06 micron less than the nomina; passband width

for each filter type)shall not exceed 3%.

e) The mean transmittance on the short wavelength side

between 0.35 micron and the short wave limit of the pass-

'band shall not be less than 90% for all filter types.

The minimum transmittance in this range shall exceed 83% for

each filter type.

f) The mean transmittance on the long wavelength side between

the long wavelength limit of the passband and 1.6 microns

shall exceed 82%, 85% and 87% for filter types SL 120/83,

SL 200/82 and SL 35Q/80, respectively. The minimum trans mittance.

A-I



I

APPENDIX A

F REFLECTION FILTER SPECIFICATIONS

1, Performance.

The idealized filter performance curves are shown in Figures I, II and

III. The tolerances within which the actual filters may perform

relativle to these idealized curves are,

a) The reflectance passband centers shall be within

O0O1, + 002, + 003 micron of the nominal value for

filter types SL 120/83, SL 200/82, and SL 350/80, respec-

TI tively,-

b) The reflectance passband widths shall be within + 0.01,

+ 0.02, + 0.03 micron of the nominal values for filters

SL 120/83, SL 200/82, and SL 350/80, respectively.

c) The mean slope, defined as microns per unit of percent

transmittance, of the reflectance passband limit on the

short wavelength side shall be greater than -0.0003 and on

the long wavelength side, less than 0.0003 in the range of

transmittance 10% to 80% for all the filter types.

d) The transmittance in the reflectance passband, in a

range 0.06 micron less than the nomin4 passband width

for each filter type~shall not exceed 3%.

e) The mean transmittance on the short wavelength side

between 0.35 micron and the short wave limit of the pass-

band shall not be less than 90% for all filter types.

The minimum transmittance in this range shall exceed 83% for

each filter type.

f) The mean transmittance on the long wavelength side between

the long wavelength limit of the passband and 1.6 microns

shall exceed 82%, 85% and 87% for filter types SL 120/83,

SL 200/82 and SL 35Q/80, respectively. The minimum trans xittance,

SA-1



!

rin this range shall exceed 12% less than the nominal values

for each filter type.

1 f
g) Maximum variation in filter reflectances and transmittances

over the filter face shall be less than + 3%.F
2. Construction

The filters shall consist of a single filter stack on a glass sub-

strate. For substrate dimensions and specification, see Figure IV.

3. Environmental Integrity

1. These filters shall endure use and handling outdoors by trained

personnel in all atmospheres, including contaminants encoun-

tered within the continental United States of America.

2. The exposed surfaces of the filters shall withstand cleaning by

light dry brushing and washing with water and a mild detergent.

3. The standard of comparison with respect to its integrity in its

environment and use, shall be an aluminized front surface mirror

with silicon monoxide overcoat.
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Appendix B

Spectral Transmittance Curves for Experimental Reflection Filters.

This Appendix consists of 44 spectral transmittance curves for the reflecting

filters fabricated by Spectrolab. The curves .are photographic reductions of

the data recorded by a Cary Model 14 Spectrophotometer using a tungsten light

source.

Figures B-I through B-24 are transmittance curves at 0* angle of incidence for

the reflecting filters used in the Table Mountain tests. The first group of

six curves (Figures B-1 through B-6) consists of data for the Type SL 350

filters, the second group (Figures B-7 through B-12) for the SL 200-Il filters,

the third group (Figures B-13 through B-18) for the SL 200-I filters, and

the fourth group (Figures B-19 through B-24) for the SL 120 filters.

Figures B-25 through B-44 show the variation in spectral transmittance with

angle of incidence for one representative filter of each type. Figures

B-25 through B-29 are transmittance curves for an SL 350 filter for . i

"0', 100, 200, 30', and 450, respectively.

Figures B-30 through B-34 are similar curves for an SL 200-I1 filter,

Figares B-35 through B-39 for an SL 200-I, and Figures B-40 through B-44

for an SL 120.
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